The insult leading to autoantibody development in children who will progress to develop type 1 diabetes (T1D) has remained elusive. To investigate the genes and molecular pathways in the pathogenesis of this disease, we performed genome-wide transcriptomics analysis on a unique series of prospective whole-blood RNA samples from at-risk children collected in the Finnish Type 1 Diabetes Prediction and Prevention study. We studied 28 autoantibody-positive children, out of which 22 progressed to clinical disease. Collectively, the samples covered the time span from before the development of autoantibodies (seroconversion) through the diagnosis of diabetes. Healthy control subjects matched for date and place of birth, sex, and HLA-DQB1 susceptibility were selected for each case. Additionally, we genotyped the study subjects with Immunochip to identify potential genetic variants associated with the observed transcriptional signatures. Genes and pathways related to innate immunity functions, such as the type 1 interferon (IFN) response, were active, and IFN response factors were identified as central mediators of the IFN-related transcriptional changes. Importantly, this signature was detected already before the T1D-associated autoantibodies were detected. Together, these data provide a unique resource for new hypotheses explaining T1D biology.
By the time of clinical diagnosis of type 1 diabetes (T1D), an ;80-90% of the insulin-producing pancreatic b-cells have been destroyed by autoimmune mechanisms with immune cells infiltrating the islets. Autoantibodies against b-cell-specific antigens, such as proinsulin and insulin, GAD65, islet antigen-2, and zinc transporter 8, can usually be detected in serum before the clinical onset of the disease, but although the number of circulating autoantibodies is predictive for the development of T1D (1) , predicting the onset of clinical disease remains a challenge.
Susceptibility to T1D is inherited, with the human leukocyte antigen (HLA) class II haplotypes encoding DR3-DQ2 (DRB1*03-DQA1*0501-DQB1*0201) and DR4-DQ8 (DRB1*0401-DQA1*0301-DQB1*0302) molecules conferring an ;50% of the total genetic risk. In addition, .40 non-HLA genes with more modest effect on disease risk, such as INS, cytotoxic T-lymphocyte-associated protein 4, protein-tyrosine phosphatase, nonreceptor-type 22, and interleukin-2 receptor, have been discovered. When combined with a susceptible genetic background, largely unknown random environmental factors probably contribute to the breakdown of self-tolerance. For instance, dietary factors, such as early exposure to foreign complex proteins (2) and vitamin D deficiency, have been associated with development of T1D, and viral infections are believed to trigger autoimmunity (3, 4) . Prevalence of T1D is also associated with Westernized lifestyle and level of hygiene (5) .
To improve our understanding of the autoimmune processes driving the pathogenesis in the prediabetic phase in humans, we performed genome-wide transcriptomics with two different array formats to determine gene expression changes that correlate with the development of diabetes-associated autoantibodies and progression toward clinical diabetes. We analyzed a unique series of prospective whole-blood RNA samples collected in the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) study in which HLA-susceptible individuals are observed at frequent intervals from birth (6) . For this study, we analyzed blood samples taken from 28 at-risk children that collectively covered the time span from before the appearance of autoantibodies (seroconversion) through the diagnosis of T1D (Fig. 1) . Healthy, persistently autoantibody-negative children matched for date and place of birth, sex, and the HLA-DQB1-conferred genetic risk were chosen as control subjects (Supplementary Table  1 ). Additionally, we genotyped the study individuals using the Immunochip SNP array (7) to identify potential genetic variants associated with the observed transcriptional signatures.
RESEARCH DESIGN AND METHODS

Subjects and Sample Collection
All children studied were participants in the DIPP study (6) , in which venous blood was drawn into PAXgene Blood RNA tubes (PreAnalytix) one to four times a year at the study clinic in Turku, Finland. The samples were incubated for 2 h at room temperature and then stored at 270°C until analyzed. Islet cell autoantibodies, insulin autoantibodies, and autoantibodies to GAD, islet antigen-2, and zinc transporter 8 were measured from all individuals. Of 28 subjects in this study, 9 were sampled starting before or at the time of the appearance of autoantibodies (seroconversion) (S1-5 and S7-10, Table 1 ); 6 case Table 1 and Supplementary Table 1 for more details on study subjects. subjects (S2, S3, S7-10) were sampled before seroconversion, and 4 case subjects (S3, S6, S7, and S10) progressed to T1D. The remaining 18 children (D1-18, Table 1 ) were all sampled starting after seroconversion, and all progressed to diabetes (D1-18). A persistently autoantibodynegative control child was matched with each case, based on the date and place of birth, sex, and HLA-DQB1 genotype (Supplementary Table 1 ). In all, 356 blood samples (191 from seroconverters and T1D children and 165 from healthy control subjects) were processed for genomewide transcriptional analysis.
Microarray Hybridizations
Total whole-blood RNA was extracted from the samples using PAXgene Blood RNA kit (Qiagen), and each sample was hybridized in duplicate both on Affymetrix and Illumina arrays according to the manufacturer's instructions. For Affymetrix, RNA was processed with the Ovation RNA amplification system v2 including the Ovation whole-blood reagent and hybridized to GeneChip Human Genome U219 array plate (Affymetrix). For Illumina arrays, RNA was processed with RiboAmp OA 1 round RNA amplification kit (case-control pairs S1-S6; Applied Biosystems/ Seroconverted children (S1-S5 and S7-S10) were sampled starting before or at the time of the appearance of autoantibodies (seroconversion), except for S6, who was seropositive since the beginning of the follow-up. Case subjects S3, S6, S7, and S10 progressed to T1D, and the other six did not. The remaining 18 children (D1-18) were all sampled starting after seroconversion, and all progressed to diabetes (D1-18). See Supplementary 
Microarray Data Processing and Statistical Analysis
The gene-expression microarray data were preprocessed using the RMA procedure for the Affymetrix data and the quantile normalization procedure for the Illumina data using R/Bioconductor (8) . Differentially expressed genes were identified by comparing subjects with their matched healthy control subjects. Since the follow-up series is not fully synchronized in time between the different individuals, we first applied a similar approach as in Elo et al. (9) and Huang et al. (10) that avoids the need of a direct alignment. More specifically, for each individual, the expression intensity value of a particular probe/probe set x at each time point was given a z-score, defined as z = (x 2 m)s 21 , where m is the mean, and s is the SD calculated using all the time points in the matched control time series. Such z-scores penalize those probes/probe sets that have high variability in the control series. To identify significant up-or downregulation across the individuals, the rank product algorithm was applied to casewise maximum/minimum z-scores (11) . Genes with a false discovery rate (FDR) ,0.05, estimated as the percentage of false-positive predictions, were considered as differentially regulated. To focus on T1D-or seroconversion-specific changes, the same procedure was applied to the data after swapping the case and control pairs. Only those probes were retained that did not pass the criterion FDR ,0.05 in the swapped analysis. The aim of the swapping procedure was to exclude from further analyses such non-diabetes-related changes that were similarly detected also in the control subjects. Finally, the findings from Affymetrix and Illumina arrays were compared, and genes showing concordant changes were regarded as final, validated findings (Supplementary  Tables 1 and 3 ). Additionally, we required that the genes were determined as present in .50% of all individuals (at least in one sample per individual) using a two-component Gaussian mixture model for the Affymetrix data and detection P values for the Illumina data. Affymetrix and Illumina data were combined using the gene symbols provided by Ingenuity Pathway Analysis (IPA). To combine the data from the Illumina WG-6 v2 and HT-12 arrays, the probes between the array types were matched based on their sequence similarity. A total of 70% of the probes in Human WG-6 v2 array had remained completely identical to the corresponding probes in the Human HT-12 arrays. In addition, we mapped 6% of the probes by requiring a minimum sequence overlap of 25 of 50 consecutive bases (one mismatch allowed). The probes also had to target the same gene according to annotation. The remaining 24% of the probes were excluded from the analyses, for which the WG-6 v2 and HT-12 data needed to be combined.
Pathway Analysis
The functional annotation tool Database for Annotation, Visualization and Integrated Discovery (DAVID) was used to identify enriched biological pathways (Biological Biochemical Image Database, BioCarta, Kyoto Encyclopedia of Genes and Genomes, Panther, and Reactome) among the regulated genes (12, 13) . Pathways with FDR ,20% were reported (modified Fisher exact test).
Transcription Binding Motif Analysis
Overrepresented transcription factor binding sites in the promoter regions (62 kb around the transcription start site) of the regulated genes were identified using the transcription factor target sets in the Molecular Signatures Database (14) . Binding sites with a P value ,0.05 were reported (hypergeometric test).
Detecting Differential Expression in Time Windows
In order to identify transcripts active in different phases of the autoimmune process, the rank product method was applied to find differentially expressed genes between the case subjects and their control subjects in five time windows (Fig. 1 ). The division was based on the maximal sample representation in each time window. Inside each time window, the fold change between the case and the matched control was calculated using linear inter-/extrapolation. More specifically, the control sample series was matched to the time points of the case sample series. For the time points that were inside the range of real control time points, this was performed by linear interpolation. For the time points needed outside this range, the expression values were approximated by constant extrapolation (set equal to the closest real measurement). Genes with FDR ,0.05 were considered differentially regulated. Additionally, we required that the genes were determined as present, as described above. The findings validated with all array types (as described above) were regarded as changed.
In addition, we did a comparison between those seroconverted children (case subjects S3, S7, and S10) who had later progressed to T1D and those who have not been diagnosed with T1D to date. An unpaired two-group rank product analysis was performed for the case-control ratios to compare the affected and unaffected case subjects. The analysis was performed for three time windows: before seroconversion, at seroconversion, and 6-18 months after seroconversion.
Differentially Expressed Genes With Functions Related to the Innate Immunity Responses
The human genes with literature-annotated function in the innate immunity were downloaded from http://www .innatedb.org (15) . The enrichment of these genes among our differentially expressed genes was calculated using Fisher exact test.
Transcription Module Analysis
A module-based method modified from Chaussabel et al. (16) was used to survey coordinately expressed sets of genes (modules) functionally annotated with literature search. The gene symbols belonging to each module were downloaded from http://www.biir.net/modules, and differentially expressed genes not belonging to any of the modules presented in Chaussabel et al. (16) were excluded from the analysis. The significance of overlap of each of the 28 modules with each list of differentially expressed genes was calculated using Fisher exact test. Modules up-or downregulated with the Benjamini-Hochberg corrected P value ,0.05 were visualized in the module maps with red or blue (up-and downregulation, respectively), with the intensity of the color corresponding to the percentage of the regulated probe sets that belong to the module.
Immunochip Data Processing and Statistical Analysis
DNA from whole blood was genotyped with the Immunochip array (7) in accordance with Illumina protocols at the Department of Genetics, University Medical Centre Groningen (Groningen, the Netherlands). Single nucleotide polymorphisms (SNPs) were mapped to National Center for Biotechnology Information build 36 (hg18). Quality control was applied using PLINK (17) . Samples with a call rate ,95%, as well as SNPs with a call rate ,98% were excluded. Markers were excluded when they deviated from Hardy-Weinberg equilibrium in the control subjects (P , 0.0001). SNPs with minor allele frequency ,10% were removed (N = 80,259). Finally, we pruned our dataset based on linkage disequilibrium between markers (r 2 . 0.8). Our final dataset comprised 30,463 SNPs. Cisacting expressed quantitative trait loci (cis eQTL) effects were calculated for each SNP residing within 6250 kb around the gene coordinates of each differentially regulated gene. A linear model was fit for genotype-gene expression, and a P value was calculated for the null hypothesis that genotype has no effect on gene expression (slope = 0). Effects with Benjamini-Hochberg-corrected P value ,0.05 are reported (Supplementary Table 1 ). The SNPs and their proxies (r 2 . 0.8) that had an eQTL effect on our differentially expressed genes were searched for associations with autoimmune diseases in genome-wide association studies, as listed in Ricaño-Ponce and Wijmenga (18) and/or T1Dbase (19) . The proxies for these SNPs were found based on HapMap3 (release 2) and 1000 Genomes in the CEU population panel by using SNP annotation and proxy search (http://www.broadinstitute.org/mpg/snap/ ldsearch.php).
Accession Codes
The gene expression data discussed in this publication are accessible through Gene Expression Omnibus SuperSeries accession number GSE30211 (http://www.ncbi.nlm.nih .gov/geo/query/acc.cgi?acc=GSE30211).
RESULTS
Gene Expression Signatures Detected During Seroconversion to Autoantibody Positivity
When the transcriptional profiles of S1-10 (Table 1) were compared with their matched healthy control subjects, 109 unique genes were differentially expressed (FDR ,0.05; Supplementary Table 1), with 66% of genes being upregulated and 34% being downregulated. Genes residing in the genomic T1D susceptibility loci [T1Dbase (19) ] included the upregulated oncostatin M and the downregulated killer cell lectin-like receptor (KLR) subfamily B member 1 (Supplementary Fig. 1 ). The upregulated genes were enriched in the retinoic acidinducible gene 1-like receptor signaling pathway involved in recognizing viral double-stranded RNA (Supplementary Table 1 ).
Altogether, 12 unique transcription factor genes were differentially regulated in the seroconverted children (molecular type = transcription regulator, Supplementary Table 1 ). Analysis of known gene and protein interactions among these transcription factors and other genes in the dataset using the IPA network neighborhood tool showed that interconnected interferon (IFN) regulatory factors 5 and 7 (IRF5 and IRF7) had several coregulated network partners (Fig. 2B and Supplementary Fig. 1 ). Additionally, IRF7 binding sites were enriched among the promoters of the upregulated genes (P = 0.000309; Fig. 2A and Supplementary Table 1 ). Both IRF5 and IRF7 are highly expressed in lymphoid tissues and drive the activation of a wide range of antiviral genes. Target genes in the identified network (Fig. 2B) included, for example, the DEAD box protein 58 (DDX58, better known as retinoic acid-inducible gene 1), which codes a helicase involved in viral double-stranded RNA recognition, as well as T1D-associated 29-59-oligoadenylate synthetase 1 (OAS1), which codes for an enzyme involved in activating RNAse L, resulting in viral RNA degradation.
Gene Expression During the Autoantibody-Positive Period Preceding Clinical T1D
A comparison of the samples obtained from the 18 progressors (D1-18, Table 1 ) to their matched control subjects revealed 472 differentially expressed genes (FDR ,0.05; Supplementary Table 1) . Notably, gene expression was suppressed, as 73% of the differentially regulated genes in the progressors were downregulated. The upregulated genes residing in the genomic T1D susceptibility loci [T1Dbase (19) ] included the tumor necrosis factor receptor-type zinc finger domain containing 1 and signal transducer and activator of transcription 2. In contrast, the diabetes-associated grancalcin and the von Hippel-Lindau binding protein 1 (20) (21) (22) were downregulated ( Supplementary Fig. 1 ). The top downregulated pathways were related to immune system signaling, blood coagulation, and complement (Supplementary Table 1 ).
Identification of Transcriptional Signatures Characteristic for Distinct Phases of the Diabetic Disease Process
To identify transcripts that are active in different phases of the diabetic disease, we divided and analyzed the data separately within five time windows (Fig. 1) . The number of samples available in each time window is summarized in Fig. 3 . In the time windows before, at, or 6-18 months after seroconversion, 124, 33, and 551 genes were identified as differentially expressed (FDR ,0.05), respectively; only 14 genes were identified that were common to all three time windows (Fig. 3A and Supplementary  Table 1 ). During the interval of 1 to 2 years before clinical diagnosis and at clinical diagnosis, 388 and 211 genes, Overrepresented sites in the 62-kb region around the transcription start site of the regulated genes were identified using the transcription factor target sets in the Molecular Signatures Database (14) . Binding sites with P < 0.05 and a known transcription factor are presented (hypergeometric test). See Supplementary Table 1 for more details. B: IRF5 and IRF7, the most highly regulated transcription factors in the seroconverted children, and their central role in the seroconversion-specific transcription. The network was generated with the IPA network neighborhood tool, and it shows all of the IRF5-and -7-connected genes (nodes) that were differentially regulated in the seroconverters (FDR <0.05). The genes are organized according to their cellular localization, and red color indicates upregulation of the gene in the seroconverted case subjects compared with the matched control subjects. The genes regulating IRF5 or -7 are presented on the left, and the downstream target genes of IRF5 or -7 on the right. Solid edge indicates direct interaction and dashed edge indirect interaction. Transcriptional induction/reduction is marked with green color, promoter binding with orange, and mixed interactions with black. Black circles represent genes having a cis eQTL effect with SNPs residing in a window of 6250 kb around the gene coordinates (Supplementary Table 1) ; white squares indicate genes belonging to the T1D-associated human IRF7-mediated immune response network genetically identified by Heinig et al. (44) . RXRA, retinoid X receptor, alpha; STAT, signal transducer and activator of transcription.
respectively, were differentially expressed between the progressors and control subjects, with 125 common genes ( Fig. 3B and Supplementary Table 1 ). The two latest time windows overlapped with 47 genes that were differentially expressed before seroconversion (Fig. 3B) . Different time windows showed enrichment of genes bearing different transcription factor binding sites; for example, IRF and/or signal transducer and activator of transcription binding sites were enriched in genes upregulated before seroconversion and in the interval between seroconversion and diagnosis (Supplementary Table 1 ). The overall suppression of the ribosomal proteins was presented as downregulated pathways named ribosome, metabolism of proteins, and 39 untranslated region (UTR)-mediated translational regulation (Table 2 and Supplementary Table  1 ). In addition, by using a whole-blood sample data analysis tool (16) that searches for presence of predefined groups of coordinately expressed transcripts (functionally related, literature-annotated modules), we observed that the changes in transcriptional signatures were not stable but dynamic relative to different stages of T1D pathogenesis (Fig. 4 and Supplementary Table 1 ). For example, the cytotoxic cell module (M2.1) was first downregulated at the earliest time window, but then induced at the time of clinical diagnosis. This module included, for example, KLRD1 and KLRF1 that are expressed on natural killer cells, as well as granulysin that is expressed by both cytotoxic T cells and natural killer cells. However, a module consisting of IFN-induced transcripts (M3.1), including, for example, the abovementioned antiviral OAS1 and DDX58, was constantly showing changes at almost every stage of the development of T1D.
Transcriptional Signatures Distinct for Progressors Among the Seroconverters
Finally, we performed a separate time-window analysis for the seroconverted children who later progressed to clinical T1D (case subjects S3, S6, S7, and S10; Table 1 ) compared with seroconverted children who have remained nondiabetic for at least 76 months. For case subjects S3, S7, and S10, data before, at, and 6-18 months after seroconversion were available.
Before seroconversion, nine genes were identified as differentially regulated (FDR ,0.05; Supplementary Table 1) . At seroconversion and 6-18 months after seroconversion, the difference had increased to 13 and 54 genes, respectively. One of the genes showing constant and high upregulation in the progressors was ribonuclease, RNase A family, 2 (RNASE2; also known as eosinophilderived neurotoxin; Fig. 5 ). It encodes a secreted protein with several immunomodulatory functions. The ribonucleolytic activity of RNASE2 plays an important role in eosinophil-mediated antiviral activity against singlestranded RNA viruses. RNASE2 is an endogenous Tolllike receptor 2 (TLR2) ligand (23) that could play a role in the induction of IFNs. Most interestingly, RNASE2 expression has been reported to be upregulated in the peripheral blood mononuclear cells of patients with autoimmune diseases, such as rheumatoid arthritis (24) and systemic lupus erythematosus (SLE) (25) .
Identification of the Genomic Variants Affecting the Expression Levels
In order to study the effect of possible SNPs as the cause for the detected expression differences, we used the Immunochip SNP array (Illumina) (7) for genotyping. Using representative (linkage disequilibrium-pruned) SNP Table 1 ). Fourteen of the identified eQTL genes (the identified SNPs or their proxies; r 2 . 0.8), such as histone cluster 1 H2bd, have also been associated with autoimmune diseases in genome-wide association studies, as listed in Ricaño-Ponce and Wijmenga (18) and/or T1Dbase (19) (Supplementary Table 1) . Interestingly, eQTL effects were found with SNPs adjacent to IRF5, OAS1, OAS2, DDX58, transporter 2 ATP-binding cassette subfamily B, indoleamine 2,3-dioxygenase 1, and leukocyte immunoglobulin-like receptor subfamily A (with TM domain) member 5, which were identified as the core of the central IFN stimulatory network in the seroconverted individuals (Fig. 2B) . Previously, SNPs overlapping the transporter 2 ATP-binding cassette subfamily B gene residing in the human major histocompatibility complex locus have been associated with T1D in several studies (27, 28) , and the IRF5 polymorphisms have been connected to SLE, rheumatoid arthritis, and inflammatory bowel disease (29) (30) (31) .
DISCUSSION
This study provides a comprehensive analysis of transcriptional changes that occur over time in children at risk for or developing T1D and provide a unique resource for new hypotheses explaining the disease biology. Our results demonstrate that diabetes-specific changes are evident in the whole-blood transcriptome, affecting hundreds of genes. As the gene expression analysis was performed on whole-blood samples, we exploited the module-based tool to suggest which cell types are important in different phases of the pathogenesis of T1D (Fig. 4 and Supplementary Table 1 ). For example, the neutrophil module, including granule proteins such as lipocalin 2 and matrix metalloprotease 9, was first activated, after which the neutrophil-associated transcripts were suppressed before diagnosis, consistent with a recent report on reduced numbers of circulating neutrophils during the autoantibody-positive phase as well as at the diagnosis of T1D in humans (32) . Also, the erythrocyterelated module was activated at early time windows and before diagnosis. The platelet module, including coagulation factor XIII A1 polypeptide, was activated after seroconversion until clinical disease, which is in line with the reports on platelet hyperreactivity in T1D (33) . Interestingly, the cytotoxic cell module was suppressed before seroconversion but highly activated at the time of diagnosis, indicating the differential cytotoxic cell activity in the blood early versus late in the disease process. However, as detailed recording of the proportions of different cell populations at the time of the blood sample draw is not available, these conclusions based on heterogeneous wholeblood samples should be further explored in future studies.
Taken together, our results indicate for the first time that type 1 IFN-mediated innate immune system is activated even prior to seroconversion and throughout the development of T1D. The induction is temporal, as expected for this systemic response, but some individuals show several signature peaks during the follow-up period ( Supplementary Fig. 1 ). Importantly, our findings are consistent with the results of the accompanying study by Ferreira et al. (34) , conducted in an independent birth cohort of German children genetically susceptible for T1D. They also report that type 1 IFN signature is temporally increased in susceptible children prior to the development of autoantibodies. These two independent longitudinal studies provide a unique insight into the preclinical stage of T1D.
In agreement with our results, Reynier et al. (35) recently reported that 12 IFN response genes are upregulated in the whole blood of 30% of autoantibody-positive prediabetic children, but not in healthy control subjects or recently diagnosed patients. Our data indicate that the IFN response can be detected before the appearance of autoantibodies (Fig. 4) and that it consists of a much larger number of genes than previously reported. In fact, comparison of the differentially regulated genes to the genes listed to be involved in functions related to human innate immune responses in the InnateDB (15) provides us with 17.4% overlap for the seroconverted children (19 genes; P = 0.0000003) and 9.5% overlap with the progressors (45 genes; P = 0.0000013), respectively (Supplementary Tables 1 and 3 , InnateDB columns). IFN-a and -b were not differentially regulated in our data, indicating that the blood cells are showing an indirect response to cytokines produced elsewhere. For instance, enteroviral infections have been detected in the b-cells of newly diagnosed patients (36) , and signs of infections have been observed a few months prior to seroconversion to autoantibody positivity (37) and during the 6-month period preceding seroconversion (3, 4) . Moreover, the accompanying study (34) demonstrates an association between upper respiratory tract infections and upregulation of IFN-responsive genes. The correlation of gene expression profiles to markers of virus infections in susceptible children could make it possible to explore the mechanisms leading to the activation of the IFN system.
In addition, bacterial DNA, lipopolysaccharide, and flagellin are efficient triggers of TLR signaling and IFN response, providing an intriguing link between the gut immune system and autoimmunity. Both preclinical and established T1D patients exhibit increased gut permeability (38, 39) , leading to enhanced immune responses in the intestinal tissues (40) . Also, a preliminary study has shown that gut microbiome diversity is reduced in children progressing toward T1D compared with healthy control subjects (41) . Moreover, the IFN response can be activated without infection by bacteria or viruses; for example, in SLE, IFN-a production is driven by TLR7-mediated signaling and is induced by autoantibody-protein-RNA complexes derived from apoptotic cells. Also, endogenous TLR ligands such as RNASE2, which was identified to be upregulated in the seroconverters who later presented with T1D, could play a role as it has been shown that spontaneous IFN production drives autoimmune diabetes in NOD mice (42) .
In this study, the matching of the case and control subjects was based on the HLA-DQB1 genotype. To take into account further susceptibility alleles and alterations affecting the transcriptional changes, Immunochip SNP detection was performed for combinatorial analysis of the genome and transcriptome. This revealed that ;10% of the genes differentially expressed between the case and control subjects were affected in cis by the genetic variation. The affected variants and genes have previously been linked to several autoimmune diseases, highlighting the shared genetic basis for these disorders. For example, in the case of SLE, in which a strong type 1 IFN signature is also observed, the associated variations in IRF5 have been shown to control cytokine responses upon TLR ligation (43) . This pathway could be also genetically linked to T1D, since only a small part of the genetic factors conferring susceptibility to this disease have been identified. In support of our findings, Heinig et al. (44) performed an eQTL analysis across seven rat tissues combined with transcription factor binding site enrichment analysis, resulting in the identification of 23 Irf7 target Figure 4 -Summary of the functional modules regulated in the distinct phases of development of T1D. Upregulation or downregulation of the module (annotated groups of coordinately expressed transcripts from Chaussabel et al. [16] ) is marked with red or blue, respectively, and the color intensity indicates the percentage of the regulated genes belonging to that module. Module maps and genes belonging to each module in each time window are presented in Supplementary Table 1. genes mapping to a single eQTL. They subsequently identified a human IRF7-driven network using genome-wide expression and SNP data collected from monocytes. Eventually, SNPs close to genes in the human and rat IRF7 network were found to be associated with T1D. Most importantly, of the 12 direct IRF7 target genes (identified by the IPA tool) detected as differentially expressed in our study (Fig. 2B) Author Contributions. H.K. analyzed the data, participated in the interpretation of the results, prepared the figures, and was responsible for drafting and further writing of the manuscript. L.L.E. analyzed the data, participated in the interpretation of the results, supervised E.L. and T.D.L., prepared the figures, and contributed to the writing of the manuscript. E.L. analyzed the data, participated in the interpretation of the results, prepared the figures, and contributed to the writing of the manuscript. J.M. participated in the initiation of the study, managed the RNA sample biobank, designed the study setup, and participated in the data analysis, interpretation of the results, and writing of the manuscript. I.R.-P. and Figure 5 -RNASE2 gene is upregulated in each seroconverted case subject, who later progresses to clinical T1D. Longitudinal expression intensity profiles for RNASE2 (probe set 11729772 on Affymetrix U219 array) in seroconverted children (in orange) and their matched autoantibody-negative control subjects (in black) are presented. Seroconverted children 3, 7, and 10 later progressed to clinical T1D (20, 22 , and 1 month after the last follow-up sample, respectively), whereas seroconverted children 2, 8, and 9 have remained healthy to date. The x-axis represents the age of the children (in days) and the y-axis the normalized logarithmic signals on the arrays. The time of seroconversion for the progressors is marked with a dashed line. Profiles for children with several measurements before seroconversion are presented (see Fig. 1 , Table 1, and Supplementary Table 1 for more details). *P < 0.05, **P < 0.01 between the case and matched control subjects (rank product test).
